The epidemiological data linking air pollution and lung cancer are derived from statistical associations concerning rates of cancer among urban and rural residents, migrant studies and studies of occupational groups exposed to effluents from fossil fuel combinations. Few, if any of these studies, are adequately adjusted for both relatively simple measures of cigarette smoking or the potentially more subtle effects of the duration of smoking. Because urbanization and industrial sources of air pollution correspond chronologically with the major increases in cigarette smoking, it is not likely that the specific attributable risk to each component can be adequately assessed. Interactions between cigarette smoking and specific air pollutants, similar to those seen between cigarette smoking and asbestos and or radiation, may be occurring. Considering the various estimates made over the last 25 years, it is likely that the effect of air pollution on lung cancer is something greater than zero; however, it is unlikely that the estimate exceeds 2% of all lung cancers or 5/100,000 cases in urban males. Thus, the effect on all cancers is likely to be less than 1% of all cases.
Introduction
Epidemiologic studies to assess the association of effluents from the burning of fossil fuels with the occurrence of lung cancer, or any other cancer, generally have been hampered by the difficulty of obtaining specific information about risk factors which have far greater influence on the occurrence of lung cancer than do air pollutants. Unquestionably, cigarette smoking is the major determinant of lung cancer in humans. Secondly, for working subjects with occupational exposures to specific agents known to cause lung cancer, the risks of developing the disease are far greater than possibly could be associated with air pollutants. Thus, any efforts to assess the impact of air pollution in population studies must control in some way for the effects of cigarette smoking and occupational expo- excellent article, which appeared in 1955, by Stocks and Campbell (1) . This paper summarized and evaluated the existing data which related lung cancer to smoking and air pollution as monitored by benzo(a)pyrene in several parts of England and Wales. Since that time, research has been carried out throughout the industrialized world. Although we have been able to place sharper limits on what might be the maximum attributable risk of air pollution on lung cancer, the progress in this field has been somewhat disappointing and is still in a state of great uncertainty. There are several reasons for the lack of progress. I believe the most important is that the risk related to general air pollution is so extraordinarily low relative to other risks that the time and expense involved in doing studies large enough to demonstrate the possible low relative risk have not been warranted. In addition, for other more compelling reasons over the last 15 years, the levels of pollution have generally been declining in most parts of the industrial world.
To provide a background to the discussion of the epidemiology of air pollution and cancer, I will attempt to identify some of the key studies done in the 1950s and 1960s. I will refer to several of the reviews carried out in the 1970s and suggest that for the 1980s little further research on standard pollution sources, in terms of the relationship to cancer, needs to be conducted using epidemiologic techniques. Mainly, this conclusion results not from the likelihood of absolutely zero effects, but from the conclusion that it would be extraordinarily difficult to measure any effect from the general pollutant levels obtained over the last 25 to 30 years.
The epidemiologic data supporting the hypothesis that lung cancer is associated with air pollution result from four basic kinds of data sources. These include: (1) comparisons of lung cancer rates in immigrants and nonimmigrants, both in the country of origin and the country to which the immigrants have moved; (2) investigations of urbanrural differences in lung cancer risks in males and females; and (3) regional differences in lung cancer rates within countries related to differences in air pollution levels. The fourth category of data sources is the occupational studies of workers exposed to products of fossil fuel combustion. In these studies, levels of exposure are qualitatively similar to products in the ambient air; however, these exposures generally are quantitatively orders of magnitude larger than occur in the ambient environment. Thus, the usefulness of these studies is limited in extrapolating effects to general environmental exposures. One encouraging note is that for these occupational exposures, relatively low relative risks of lung cancer (range 2-3 times expected), particularly when compared to risks of lung cancer for cigarette smokers are found.
Assessment of the Existing Data
Much of the remaining discussion will focus on lung cancer rather than other cancers or cancer in general. The 24 countries, he noted the striking difference between males and females in all countries. He suggested that, either the disease was being overlooked in women or that men are more susceptible to the development of the disease. Neither seems to be the case. Clearly, women who do smoke develop lung cancer and, over the last several years have shown a striking increase in the disease compared to men, presumably because of the later onset of smoking than in men (3, 4) .
Doll pointed out further that there could conceivably be an interaction between smoking and known carcinogens which occur in the ambient environment. These carcinogens include, among others, polycycic hydrocarbons, asbestos, arsenic and radon. In occupational studies, there appears to be an interaction between radon daughter exposure and cigarette smoking as well as between asbestos and cigarette smoking. The absolute risk of bronchial cancer is increased to a much greater extent in working groups exposed to these substances in association with cigarette smoking than could be expected from either the exposure or cigarette smoking alone. The differences in excess lung cancer rates among smoking urban and rural residents could reflect a similar interaction effect. Thus, the observation that there does not appear to be any significant urban-rural gradient of lung cancer in nonsmokers is not in itself conclusive evidence that there is no carcinogenic effect of ambient pollution.
In an analysis of 10% of the total lung cancer deaths in the United States in 1958-1959, Haenszel et al. (5, 6) showed that the disease was related mainly to cigarette smoking. However, the gradient in males appeared to be steeper in heavy smoking urban residents compared to rural residents (Fig. 1 ). In females, there was very little gradient which suggested that something other than air pollution may have been operative at that time. Other investigators also have suggested that the differences between males and females may be due to cocarcinogens other than air pollutants.
In a prospective study of approximately one million people, Hammond and Garfinkel (7) occupational exposure crudely defined as exposure to dust or fumes. Migrant studies, which suggest some factor related to country of origin influences the cancer rate in the migrant in his or her new country, have been used to postulate an air pollution effect (8) (9) (10) . For example, migrant populations to the United States tended to have lung cancer rates which were between the rate of the country of origin and those of native-born U.S. residents, whether the rates in the country of origin were higher or lower than the rates in the United States (Fig. 3 ). In many of these studies cigarette smoking was not as carefully assessed as one would like. Even when assessed, no information was available on either age of starting smoking (see below) or occupation. Two (11, 12) , all but one was traced up to 12 years. The men were divided into heavily exposed-i.e., retort house coal carbonization workers-and minimally exposed -i.e., to by-products only. Standardized death rates for lung cancers were found to be more than twice as high for the highly exposed workers (3.82/1000 person years at risk) compared to the minimally exposed group (1.59/1000). The differences in smoking habits in a 10% random sample of the workers suggested that the smoking habits of the retort house workers did not differ significantly from the remainder of the gas workers.
Similar studies in the United States of coke oven workers in the steel industry revealed excess lung cancer of 2.5 to 10-fold in coke oven workers compared to noncoke oven workers (13, 14) . Furthermore, the studies indicated that workers with higher exposure (topside workers) had about a fourfold excess risk compared to the lesser exposed (side oven) workers who had a better than a twofold excess risk compared to nonexposed workers. The gradient was further related to duration of exposure and was highly suggestive of an exposureresponse relationship (Fig. 4) .
Roofers are another group with significant occupational exposure to fumes from burning of fossil fuels. Hammond and colleagues (15) (16) . In regard to cancer, the study represented a review of the mutagenic and carcinogenic potential of exhaust components. In terms of epidemiologic data they conclude:
"In epidemiological studies of occupational exposure to diesel exhaust emissions, excess risk of cancer of the lung, or of any other site, has not been convincingly demonstrated. The evidence to date does not indicate that exposure to diesel exhaust is a serious cancer hazard, at least at exposure levels no greater than those that existed in London bus garages. Only two studies, one on railroad workers (Kaplan, 1959) and the other on bus garage workers (Raffle, 1957; Waller, 1979) , approximate even the minimum requirements for a sound epidemiological evaluation of cancer risk. Both of these studies, however, suffer from numerous deficiencies in design. Hence, their negative conclusions must be viewed with caution." (16) .
Review of the epidemiologic data relating to diesel exhaust is indeed disappointing. There is no question that polycyclic hydrocarbons with proven carcinogenic potential, as suggested by animal studies, are abundant in diesel exhaust. The study of Kapan mentioned above is a study of Baltimore and Ohio railroad workers (17) . Not only were smoking habits not measured, but the potential duration of exposure to diesel exhaust was likely to have been less than 5-10 years for most of the workers studied. If diesel exhaust were to act anything like cigarette smoking, one could not expect to see many cases of lung cancer in the population with so few having long-term exposure.
The second study considered by the National Academy Task Group was the study of London Transport workers, who were characterized by job categories into relative levels of exposure to diesel exhaust (18, 19) . Mortality from lung cancer in males aged 45-64 in 1950 was followed up to 1974. Expected rates were determined by using Greater London rates. Overall, the mortality ratios for lung cancer expressed as a percent of the expected rates was 79%; however, within the various cohorts of workers there was a modest gradient of the mortality ratio which corresponded to the exposure categories. Unfortunately, smoking habits were not measured in this study, and only lung cancers that occurred while the workers were in active service were considered. This makes any conclusion about the data uncertain.* Before proceeding further, it is worth considering in greater depth how details of smoking habits may interfere with any assessment of either an occupational exposure or a general environmental exposure effect on the rates of lung cancer determined. For this discussion I have relied on the work of Axelsson (21) , Jarvholm and Thiringer (22) and the recent elegant discussion of the subject by Doll and Peto (23) .
Two major issues need to be considered. Relatively minor differences in smoking rates for different populations may be sufficient to explain a 20% difference in lung cancer rates. For example, using the simple assumptions about relative risk of lung cancer at different levels of cigarette smoking derived from Doll and Hill (24), merely reducing nonsmokers from 30% to 25% and increasing heavy smokers from 5% to 10% results in a 22% increase in expected lung cancer rates (22) . In the calculations of Harris (20) for an overall shift of 5% in the proportion of cigarette smoking in the London Transport garage, engineers would similarly shift relative risks of lung cancer by approximately 10-15%.
A more subtle and far more difficult effect to assess is that that lung cancer risk depends on current smoking amounts, duration of smoking and lifetime accumulated dose, the latter two of which are also dependent on age of first starting smoking (23) . This factor may be virtually impossible to measure accurately in any cross-sectional or retrospective study. Data from Kahn (25) of adults aged 45-74 suggest that a 10-year difference in age of starting smoking between ages 15 and 25, for any level of smoking, may account for as great a difference in risk of lung cancer as is the difference between the rate of lung cancer at ages 55-64 and 65-74. In addition, the magnitude of the effect of duration of smoking is as great as the effect of smoking [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] cigarettes/day and 21-39 cigarettes/day at ages 55-64 (Fig. 6) . Because most studies of lung cancer deal with people who are currently in these older age groups, the misclassification of smokers by not knowing their age of starting smoking (and thus their true duration of smoking) may easily swamp any attempt to find an association of a general environmental exposure and lung cancer. Most investigators have come to accept that there are significant differences of age of starting smoking between life-long urban and rural residents. For most of the studies which show urbanrural differences in lung cancer, there are few details about urban-rural smoking differences (see footnote in Doll and Peto (23) , which quotes as one source of differences between men and women pre-World War II as coming from a magazine survey in 1935). Thus, one is left with the conclusion that a large part of the urban-rural differences and potential differences between occupational groups with different exposures might be explained by subtle difference in smoking habits (without even considering differences in the way people smoke, i.e., number of puffs, butt length, inhalation practices, and more recently, tar content of different cigarettes).
Attempts to Scale Effects of Human Exposures
All of the studies discussed thus far relate, at least superficially, to the hypothesis that the risk of lung cancer is related in some dose-response fashion to the inhalation of a product of fossil fuel combustion, whether it be from motor vehicle exhaust, effluents from coal-or oil-fired electric power plants, industrial processing or cigarette smoking. The data from these studies are consistent with the hypothesis that interactions between various environmental sources and cigarette smoking may be taking place. Common to all of these combustion products, although not necessarily directly quantitatively associated, is the exposure to polycyclic hydrocarbons. Several investigators have attempted to use some measure of polycycic hydrocarbons, i.e., benzo(a)pyrene, as a common indicator of exposure, and to test cancer risks against this indicator (9, 26, 27) . Pike et al. (26) discuss in detail why benzo(a)pyrene is used as an index of exposure. In spite of indicating a number of caveats for specific situations in which benzo(a)pyrene may not be correlated with other polycyclic hydrocarbon exposure, they conclude that benzo(a)pyrene is the best indicator available to assess the potential impact of general air pollution. A similar discussion is presented by the National Academy of Science (27) , in which correlations between lung cancer rates (attempting to take cigarette smoking into account) and benzo(a)pyrene levels are actually constructed. Their review and analysis suggests that the lung cancer rate in men increases approximately 5% for each increment of air pollution, reflected by an increase of 1 ,ug benzo(a)pyrene/1000 m3 air. Five years ago, the Task Group reviewing this work, for a symposium similar to one we are attending, questioned the quantitative value of the estimate and suggested that it must be considered a maximum figure (28). The Task Group pointed out several deficiencies (which were also considered by the NAS), which included the inadequacies of the measurements to characterize smoking histories; the sparse number of benzo(a)pyrene measurements used to characterize exposure across communities; the strikingly different estimates derived for men and women; and the remarkably high figures that were predicted for the more urban areas, particularly in face of the relatively small occupational risk observed at levels ofbenzo(a)pyrene several magnitudes higher than reported for urban air.
In an attempt to summarize and show relative comparisons, I have expanded on (and taken some liberties with) a figure presented in the NAS report (27) to indicate the relative magnitude of risk of lung cancer in several reported studies indicated above (Fig. 7) .
The figure indicates the relative increase in mortality ratios found in a number of studies in relationship to estimated levels of relative benzo-(a)pyrene exposure. What is clear is that the effects of cigarette smoking far exceed any other effect possibly related to polycyclic hydrocarbon exposure. In the occupationally exposed groups, even (7), U.S. general population, age-and smoking-adjusted; (F) data of Hammond and Garfinkel (7), U.S. general population, adjusted for age, smoking and occupational exposures.
with assumptions about uniformity of smoking habits and extremely high levels of exposure to polycyclic hydrocarbons, the relative magnitude of mortality from lung cancer does not begin to approach those associated with cigarette smoking. Furthermore, throughout the time course of these studies, which was the 1950s and 1960s, the gradient of exposures as monitored in general environmental settings, in terms of benzo(a)pyrene, suggests that ambient levels range 100-fold (29) . In spite of this range, in the best controlled of the general population studies, which attempted to assess gradient of exposure to benzo(a)pyrene, the gradient was only twofold (7 In even the worst of scenarios, however, it is unlikely that the pollution loads will ever again approach those measured in the 1950s and early 1960s.
Continued study of general populations to find an effect with a maximum attributable risk percent of something less than 2% with no conceivable way of controlling for potential confounding factors and with only minimal misclassifying of subjects resulting in 20% differences in risk is a fruitless exercise. The clues for the potential magnitude of the association of air pollution and cancer have been obtained; there is no reason to repeat these kinds of studies in the future. For epidemiology studies to be useful in the future, they will have to be part of the development ofmultidisciplinary collaborative stud- (23) ies. Subpopulations identified as potentially at risk will have to be studied intensively, both in terms of exposure and outcomes, using state of the art industrial hygiene and analytical chemistry techniques for defining exposures. As part of the outcome assessment, detailed smoking histories must be obtained, and even these approaches will be only partly successful in establishing an accurate lifetime history of smoking. These studies will be extraordinarily difficult and expensive to carry out and therefore, must be carefully planned and financed with long-range commitments. Because the magnitude of the air pollution effect will be small, it is not likely that one will be able to justify having studies of these kind stand alone. Furthermore, the findings would be even more relevant if common specific diesel fractions from these two sources were found to be mutagenic in bacterial and animal cell preparations. Further details of study design are beyond the scope of this paper. This railroad workers study requires a high level of collaboration from biologists involved in basic mutagenic and carcinogenic testing of specific exhaust fractions, analyzed and provided by sophisticated analytic chemical techniques to fractionate specimens. Industrial hygienists are needed to obtain representative samples of the particulate in the work environments of the workers being studied. These samples not only are provided to the analytic chemist for comparison with diesel auto emissions and for carcinogenic testing but also are used to estimate exposure levels for workers in different job categories in the railroad industry. Large populations of these workers are being assessed for their risk of lung cancer and other cancers. To control for cigarette smoking effects, samples of workers who died of a variety of causes are matched to the lung cancer cases, and next-of-kin are interviewed to obtain smoking histories. In addition, relatively small samples of current workers are providing smoking histories. Even this study suffers from not being able to obtain smoking histories for prospective analyses and for this reason may not provide a definitive answer. However, the study has been designed to be large enough to measure a 20% increase in lung cancer risk at a level of exposure which is likely to be 5-10 times higher than anticipated ambient levels. If an effect at an exposure of this magnitude is not found, it is likely that no generally important environmental effect would have been missed.
The study has the distinct advantage that if an effect is found, we may be able to directly determine if a specific carcinogen is present. Unfortunately, this study is in its early stages and has not progressed far enough to report on its findings at this time.
Summary and Conclusion
The epidemiologic data relating air pollution to lung cancer have been briefly summarized and discussed. Notably, most of the studies are descriptive epidemiologic investigations carried out in the 1950s and 1960s, which have used vital event data to contrast rates of lung cancer in men and women, in urban vs. rural regions, and between migrants from different countries with different lung cancer rates. In general, random distributions of potentially confounding factors have been assumed, However, cigarette smoking and occupational exposure distributions are not equal in the groups compared, and these factors, which have far greater impact than air pollution on lung cancer rates, make interpretation of the available data uncertain. An alternative data source has been studies of occupational groups exposed to high levels of fossil fuel combustion products. These exposures have been associated with moderate increases in lung cancer risks. However, in even these settings the risks have been substantially less than those associated with cigarette smoking.
The fact that most of these studies were carried out almost 20 years ago is not in itself unreasonable. Exposure since the early 1960s has probably declined significantly and if any effect were to be detected it would have been seen in association with pollution levels that occurred in the early part of the century.
The role of epidemiology in future studies of the carcinogenic potential of exposure to fossil fuel combustion products must be in collaborative multidisciplinary efforts directed toward identifying human populations at substantial risk of exposure. The studies will require more sophisticated approaches to understanding exposure and must be large enough to detect relatively small excesses in risk. Assessments of population groups will require measures of both environmental exposure (ambient and occupationally related) and personal exposure (cigarette smoking and other potential indoor sources). Outcomes must be determined after a sufficient period of time following onset of exposure to be sure that tumors would have developed. These kinds of studies are expensive and time consuming and must have long range financial commitment to be successfully carried out.
